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ABSTRACT

A first-principles quasiparticle approach to the elec~onic excitation energies in
crystals and at surfaces is described. The quasiparticle energies are calculatedwithin
the GW approximation for comparison with photoemission and other spectroscopic
experiments. Applications of the method to bulk semiconductors and the
Si(111)2xI, Ge(111)2xl, and HlSi(111) surfaces are presented. In both cases,
significant self-energy corrections arising from many-electron effects to the
excitation energies are found. Using atomic positions from total energy
minimization, the calculated excitation energies explain quantitatively the
experimental spectra. This approach thus provides an ab initio means for analyzing
and predicting results from spectroscopicprobes.

1. Introduction

Understanding the electron excitation spectra of condensed matter such as
those measured in photoemission experiments requires detailed knowledge of the
electronic structure. Electron-electron interaction effects, moreover, often lead to a
significant renormalization -of the properties of the electrons from those of the
independent-particle picture. Nevertheless, experimental spectra from spectroscopic
measurements may often be understood in tenns of excitation between quasiparticle
states of the interacting electron system. In this paper, we give a brief review of a
method 1 for calculating the quasiparticle energies from first principles and discuss
several selected applications.

The method is based on an expansion of the electron self-energy operator to
fITst order in the dressed electron Green's function and the dynamically screened
Coulomb interaction with local field effects included. This is the so-called OW
approximation.2 Ab initio calculations using this approach have successfully explained
results from optical, photoemission, scanning tunneling, and other spectroscopic
measurements for a variety of systems including bulk crystals, surfaces, interfaces,
and small clusters. 3 Here we focus the discussion on the application to
semiconductors and their surfaces. The calculated quasiparticle energies are in
general accurate to within - 0.1eV of experimental values. The predictive capability
of the approach is of particular value in many studies. For example, it is found that
self-energy corrections to surface-state energies and band dispersions are substantial
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and that electron-hole (excitonic) interactions may playa significant role in the optical
response of some surfaces such as the Si(111)2xl surface.

2. Self-energy Green's Function Approach to Quasiparticle Energies

It is the transitions between the quasiparticle states which are measured in
most spectroscopic experiments.2 Exchange and correlation effects can significantly
modify the quasiparticle properties from those calculated using one-electron theories.
The neglect of these many-electron effects in standard band structure calculations in
the past has often given rise to rather severe discrepancies between theory and
experiment. For example, although state-of-the-art local density functional (LDA)
calculations yield very accurate structural properties, the LDA eigenvalues fail to give
accurate band gaps and related excited-state propenies.! Typically, the minimum gap
in bulk semiconductors is underestimated by 30 - 100% in comparison to experiment
leading to the so-called Itband gap problem" in semiconductors.

Th~ quasiparticle properties of an interacting electron system may be obtained
using a Green's function approach. The electron or hole energies and wavefunctions
are given by2

ET + Vext(r) + VH(r)]'Jf(r) + f dr' L(r,r';Eqp)'Jf(r') = Eqp",(r) , (1)

where T is the kinetic energy operator, Vextthe external potential due to the ions, VH
the average electrostatic Hartree potential, and L the electron self-energy operator
respectively. The self-energy operator contains the effects of exchange and dynamical
correlations. In general, it is nonlocal, energy-dependent, and nonHermitian with the
imaginary part giving the lifetime of the quasiparticles.

In the GW approximation,2 the self-energy operator is expanded to first order
in the screened Coulomb interaction:

L(r,r';E) = 2~f do> e-ioro G(r,r';E-o»W(r,r';co) ,

Here, G is the crystalline Green's function and W the dynamically screened Coulomb
interaction. Our approach 1 is to make the best possible approximations for G and W,
calculate ~, and then obtain the quasiparticle energies. Inclusion of local fields in the
screened Coulomb interaction is found to be crucial for obtaining accurate quasiparticle
energies because the off-diagonal elements of the dielectric matrix in Fourier space
distinguish the variations in screening properties at the different regions in the crystal.

Since the quasiparticle energies Eqp and wavefunctions '" enter into G, the
quasiparticle energies together with Land G must be obtained self-consistently. In
practice, the electron Green's function is constructed initially using the LDA Kohn-
Sham eigenfunctions and eigenvalues, and subsequently updated with the
quasiparticle spectrum from Eq. (1). The dynamical response matrix used to construct
the screened Coulomb interaction W is typically obtained in two steps. First, the
static dielectric matrix is calculated as a ground-state property from the LDA. Second,
the dielectric matrix is extended to finite frequencies using a generalized plasmon pole
model employing exact dispersion and sum rule relations. To simplify further the

(2)
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calculation, the self energy is calculated only for the valence electrons. The exchange
and correlation interactions between the valence and core electrons are treated via a
pseudopotential formulation with these effects included at the LDA level. This last
approximation has been shown to be very accurate in general. The only exceptions
are some selected gaps in a few semiconductors with unusually shallow and
polarizable core states. For these cases, realistic core-valence interactions may be
successfully included using a core-polarization potential.4

The present quasiparticle approach has been applied to a range of crystals
including semiconductors, ionic insulators, and the simple metals. Accurate band
gaps, optical transition energies, and photoemission spectra have been obtained.
These calculations have also been extended to various surfaces, interfaces, super-
lattices, and clusters3 and to the study of pressure induced insulator-metal
transitioIfs.5 A first-principles approach is of particular importance to the latter group
of applications since these systems are often experimentally less well-characterized.
The validity of the OW approximation to the d-band metals and other highly correlated
electron systems however remains an open subject at this time.

3. Band Gaps and Photoemission Spectra of Bulk Semiconductors

A major success of the quasiparticle
method described in Sec. 2 has been its
application to the ab initio calculation of the
band gaps and excitation energies in
semiconductors and insulators.l The
calculated band gaps of some selected crystals
are presented in Table 1 together with the
experimental values and the LDA Kohn-Sham
gaps. In general, the LDA gaps significantly
underestimate the experimental values.
Hartree- Fock calculations, on the other hand,
usually overestimate the gaps by several folds
because of neglect of electron correlations. As
seen in Table 1, with the excitation energies
properly interpreted as transition between
quasiparticle states, the calculated
quasiparticle gaps are in excellent agreement
with experiment. The present results were
obtained with only input being the atomic
number of the constituent elements and the
crystal lattice parameters. The use of a self-
consistent crystal Green function and the

inclusion of local fields (the full dielectric matrix) and dynamical screening effects are
all important factors in describing accurately the self-energy effects.

As mentioned above, core-valence interactions can sometimes affect the value
of certain gaps in materials with very shallow and highly polarizable core states. In
Table 1, the values for the minimum band gap of Ge, GaAs, and AlAs were calculated

Table 1. Comparison of calculated
band gaps (in eV) with experiment. Core
polarization and relaxation effects are
included for Ge, AlAs, and GaAs.

LDA Present

Theory
Expt.a

diamond
Si
Ge
GaAs
AlAs
LiCI

3.9
0.5

-0.26
0.12
1.28
6.0

5.48
1.17
0.74
1.52
2.24
9.4

5.6
1.16
0.73
1.42
2.01
9.1

aSee Refs. 1 and 4.
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with these effects included through a core-polarization potential.4 The largest change
is in the direct gap of GaAs which amounts to - 0.4 eV. The effects of core
polarization on the gaps of the other materials listed in Table 1 are however typically
about 0.1 eV or less.

In addition to the band gaps, the quasiparticle approach yields excellent optical
transition energies and band dispersions. In general, the calculated transition
energies (neglecting excitonic effects) are within about 0.1 - 0.2 eV of the observed
spectral features in optical measurements. This agreement is comparable to empirical
methods in which several parameters are used to fit to the experimental spectra. A
comparison of the calculated quasiparticle band structure of Ge with results from
angle-resolved direct6 and inverse7 photoemission measurements is depicted in Fig.
1. In general, the agreement between theory and experiment is well within the
experimental and theoretical error bars. The- calculated unoccupied conduction band
states were in fact predictions of the theory. Recently, Onega and HimpseI7 have
performed detailed direct and inverse photoemission studies and obtained similarly
good agreement with our predicted quasiparticle band structures for a number of other
materials.
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Fig. 1. Calculated quasiparticle energy
bands of Ge compared to data from direct
(Ref. 6) and inverse (Ref. 7) photoemission
experiments.

Fig. 2. Structure of the Si(1ll)
2><1surface. Experimentaldata
are fromRef. 18 (LEED) and Ref.
19 (MEIS).

Structural Parameters (In A)

Experiment Theory
LEED MEIS

Z1- Z2 0.38 0.30 0.47

Z3- Z4 -0.07 -0.15 -0.05

Zs- Z6 -0.07 -0.10 -0.07

Z7- Zs 0.20 0.27 0.28

Zg- Z10
0.13 0.14 0.15
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4. Semiconductor Surfaces

In this section we describe the extension of the first-principles quasiparticle
approach to semiconductor surfaces. We use, as examples, the (111)2xl surface of Si
and Ge and the HlSi(111) surface to illusttate some recent efforts8-10 in this area. To
compare with experimental excitation spectra, we calculate also the quasiparticle
energies associated with the surface states. The quasiparticle studies complement
structural studies: Atomic coordinates obtained in total energy calculations are used
as input for the calculation of the excitation energies.

The calculations are carried out using a repeated slab geometry. Typically,
about a dozen layers of the crystal are used with a vacuum region equivalent to
several layers separating the slabs. The surface structure is determined by
minimizing the total energy in a self-consistent LDA ab initio pseudop-otential
calculation.

4.1. The Si(111) and Ge(111)2xl Surfaces

The Si(111)2xl surface is one of the most studied semiconductor surfaces both
theoretically and experimentally. The reconsttucted structure has an interesting 1t-

bonded chain of surface atoms.II Its electronic structure is also ~uite inniguing. The
surface-state band gap measured from optical processes I -14 appears to be
significantly different from that measured in photoemissionI5,I6 and tunneling
experimen ts 17 indicating that electron-hole (excitonic) interactions may be
considerably larger at this surface than in the bulk.

Figure 2 shows the calculated minimal energy structure8 of Si(111)2xl surface
as compared with structural parameters determined from LEED 18 and medium energy
inelastic scattering (MEIS)19 measurements. Ziis the coordinate of the ith atom
along the surface normal. The positions of the surface atoms agree very well with
experimentsl8-20 and with previous theoretical calculations.21 Another interesting
feature of this surface is that there is a rather large buckling of the surface chain
atoms.

The surface electronic structure of Si(111)2xl is dominated by a pair of 1t and
1t* bands of surface states.8 These surface bands arise from the dangling bonds on
the 3-fold coordinated surface atoms and are dispersive only along the chain direction
resulting in one-dimensional-like bands. Figure 3 compares the calculated
quasiparticle surface-state energies with angle-resolved direct15 and inverse16
photoemission data. Both the position and the dispersion of the surface states are
given accurately by the quasiparticle theory. The overall agreement between theory
and photoemission experiment is better for the occupied surface states than for the
empty states which have larger experimental error bars. A subsequent analysis of the
effects of the limited resolution in the inverse photoemission experiment16 indicates
that the true energy of the 1t*state at j could be lower than that indicated in Fig. 3 by
as much as 0.15 eV yielding a surface band gap in good agreement with the theoretical
value of 0.62 eV. (The LDA surface-state gap is only 0.27 eV for this surface.)
Scanning tunneling specuoscopy17 also gives an direct surface energy gap of 0.6 eV in
agreement with our theoretical prediction. However, the measured onset energyl2-14
for electron-hole creation is significant smaller than the calculated quasiparticle
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surface-state gap. (See Fig. 4.) At low temperature, the optical gap is measured13 to
be only 0.47 eV in significant disagreement with theory and with photoemission and
tunneling results. Also observed is that there is only one asymmetric peak in the
experimental optical absorption spectrum which is quite different from a two-peak:
structure predicted by the joint quasiparticle density of states of the 1tand 7t*bands.

The situation with the Ge( 111)2x 1 surface is very similar to that of the
Si(111)2x1 surface. The calculated quasiparticle surface-state energies9 show good
agreement with results from direct and inverse angle-resolved photoemission
experiments. For the surface-state band gap, a value of 0.65 :f:0.2 eV is inferred from
combined direct22 and inverse23 photoemission results, and a value of 0.65 eV is
obtained from scanning tunneling spectroscopy.17 These values are in accord with our
theoretical value of 0.67 eV. On the other hand, optical measurements from undoped
samples24,25 and direct photoemission from heavily n-doped (to occupy the surface
conduction states) samples26 appear to give a band gap around 0.5 - 0.55 eVe This
difference between the surface band gap measured by optical processes and that by
single-particle processes is very similar to the situation in Si(111)2xl. There is an
added complexity in the case of the Ge(111)2xl surface. The energy minimum
corresponding to the buckled chain geometry is much more shallow than that of the Si
case. Since the surface-state band gap is quite sensitive to the amount of buckling,9,27
any theoretical uncertainty in this structural parameter would lead to a change in the
gap value.

The observed discrepancies in the quasiparticle and the optical gap indicate
that there may be enhanced excitonic effects8,28 of order of 0.1 eV in the surface
optical data. This p~ssibility has been suggested because of the quasi-lD dispersion
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Fig. 3. Quasiparticle surface-state bands of
Si(111)2xl compared to photoemission(Ref. 15)
and inversephotoemission(Ref. 16)data.

...!
0.4 0.5

E(eV)
0.6

Fig. 4. Experimental differential
reflectivity spectrum for the
Si(111)2xl surface (after Ref. 13).
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and reduced screening of the surface states of this particular surface. We performed a
model calculation to estimate the effects of the electron-hole interaction. The exciton
energy spectrum and wavefunctions were obtained within a model which employs the
calculated surface-state quasiparticle bands and a model statically screened electron-
hole interaction. 8,29

Figure 5 depicts the calculated a(E) for the Si(111)2xl surface for light polar-
ized along the chains. Curve (b) corresponds to a complete neglect of the electron-
hole interaction. In this case, a(E) exhibits two peaks corresponding to the critical
points in the joint density of states. Curve (a) is that from an excitonic spectrum for
which the lowest energy exciton had a binding energy of 0.13 eV obtained with a
electron-hole Coulomb interaction screened by a dielectric constant taken to be 6.5.
The absorption spectrum is dominated by the ground-state exciton, and the spectrum
exhibits a single asymmetric peak. The large shift in oscillator strength as the
electron-hole interaction is included is a result of both the reduced screening and the
one-dimensional nature of the electronic structure near the edge (j K ) of the surface
Brillouin zone. The experimental differential reflectivity, which is closely related to
a(E), has been measured by Ciccacci et a1.13and is shown in Fig. 4. It is clear that
the absorption spectrum obtained by neglecting the electron-hole interaction cannot
explain the data. Spectrum (a) in Fig. 5 which corresponds to an exciton binding
energy of 0.13 eV, on the other hand, reproduces quite well the experimental value.

It should be emphasized that the calculated quasiparticle energies correspond
to the energy needed to create an isolated electron or hole in the solid. Thus, it is
consistent that these energies describe well the photoemission and tunneling data but
not necessarily the optical data unless electron-hole interaction effects are small.

4.2. The HlSi(lll)lxl Surface

The recent development of a chemical method30 for preparing ideally hydrogen
terminated Si(111) surfaces which are highly stable and easily transportable has
renewed great interest in this system. Because of their structural perfection over
large areas, remarkably sharp features in the va\ence and core level photoemission
spectra have been obtained. 10 The surface states on this surface have been examined
in several calculations.31,32 However, discrepancies in their energies and dispersions
as large as 1 eV were found between previous theories and experiment. We find that
a quantitative understanding of the electronic structure requires a full quasiparticle
calculation even for this simple chemisorption system.

From total energy minimization, the Si-H bond length is found to be 2.87 a.u.
with the first silicon layer slightly relaxed inward while the relaxations of the deeper
layers are negligible. Figure 6 depicts the calculated quasiparticle surface-state bands
as compared to those from LDA calculation as well as the measured surface-state
bands from photoemission.10 Well-defined surface states are found in each local gap
of the projected band structure near K and M. Comparison of the LDA results to the
quasiparticle energies reveal two important features. First, the self-energy
corrections to the LDA surface-state energies are exceptionally large: the 0.76 eV
correction for the level (a') at M is larger by a factor 2 to 3 as compared to typical
previous self-energy corrections on occupied surface states.8,9 This is related to the
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Fig. 5. Calculated surface-state optical
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(b) without excitonic correlations.

Fig. 6. Calculated surface-state
bands of H/Si(111): LDA (full
lines)and GW (open circles). The
photoemissiondata (black dots) are
from Ref. 10,

very localized hydrogen Is orbital fonning the surface states in the present system.
Secondt the self-energy effects give rise to a sizable correction to the band dispersion
of the surface states, In particular, the LDA surface state band (a') shows a 0.42 eV
dispersion going from M to K which does not appear in the experimental data. This
discrepancy is completely removed in the quasiparticle self-energy fonnalism. This
again may be understood from the sensitivity of the nonlocal self-energy operator to
the localization of the electron wavefunction. The surface state (a') is much more
localized at M than at K.

Figure 6 shows that the agreement between the present theory and
experiment is excellentt including the location of the pockets in the projected bulk
density of states. The self-energy approach yields an impressive improvement in the
energy location and dispersion of all the surface states. Even the state (a') at Kt
which in the LDA treatment is a surface resonance, is successfully extracted by the
self-energy operator from the continuum of bulk states.

s. Summary

We have described in this brief review a first-principles method for calculating
the quasiparticle energies in solids. Several recent studies are presented to illustrate
the applicability of this approach to the excited-state properties of semiconductors and
their surfaces. Specific examples discussed include the bulk crystals and the
Si(111)2xlt Ge(111)2xl, and the HlSi(111) surfaces. In generalt agreement to within
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- 0.1 eV is achieved between the calculated results and data from optical,
photoemission, scanning tunneling, and other spectroscopic measurements. Self-
energy corrections to standard self-consistent field theories such as the LDA or
Hartree-Fock methods are shown to be quite substantial for both bulk and surface
systems. It is also found that electron-hole (excitonic) interactions play an important
role in the optical response of some surfaces such as the Si(111)2xl surface.
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